How is dynamic instability regulated? Some microtubuleassociated proteins, or MAPs, can attach along the sides of the microtubules, slowing or reversing shrinkage. These MAPs are dominant in interphase cells and neurons, which is why microtubules in these cells are not very dynamic. Other MAPs, dominant in mitosis, attach to microtubule ends, where they can stabilize or destabilize microtubules by changing the frequencies of transitions between growing and shrinking states. The activity of many of these MAPs is highly regulated in time and in space.
Why is spatial regulation of dynamic instability important? Dynamic instability allows microtubules to rapidly explore space. If microtubules are preferentially stabilized or destabilized when they reach certain locations, the cell can build microtubule arrays with specific shapes. For example, during mitosis, selective stabilization of microtubules that encounter chromosomes is thought to help form the mitotic spindle.
Where can I find out more?
Desai, A., and Mitchison, T.J. (1997 Figure 1A) . If the structural states differ by a distance d, then the power stroke can do work against an external loading force F provided that F·d ≤ ∆G, where ∆G is the decrease in free energy between the two chemical states.
The power stroke of myosin II defined by crystallographic studies is illustrated in Figure 1B .
How is a power stroke measured? The first hint of the power stroke came from single-molecule recordings on myosin II interacting with an actin filament using an optical trap.
The recordings were difficult to interpret, however, because phosphate dissociates very shortly after the myosin binds to actin and so it was difficult to get a fix on the initial binding position (left-hand side of Figure 1B ). But it was subsequently discovered that a different isoform, myosin I, undergoes a large conformational change upon ADP release: a rapid movement of 5 nm between the long-lived ADP and nucleotide-free states could therefore be well resolved [3] . The amplitude of this power stroke was confirmed by cryo-electron microscopy images of actin filaments 'decorated' with myosin I heads: addition of ADP to the nucleotide-free molecule induced a counter rotation of the lever arm domain. Such ADP-induced power stokes have subsequently been seen in several myosin-related proteins and kinesin.
How are the chemical and structural changes coupled?
To understand transitions between states, our static picture has to be replaced by one in which a protein fluctuates about an average or most-common structure, so the size of the power stoke will vary about a mean value from one observation to another. The former mechanism is called a power-stroke mechanism, the latter a Brownian ratchet mechanism [4] . The terminology is confusing because both mechanisms lead to a stroke that can do mechanical work. The different mechanisms are illustrated in Figure 2 .
Whoa! Where did that name Brownian ratchet come from?
There is a well-known chapter in Feynman's Lectures Notes in Physics [5] that describes a potential perpetual motion machine. It consists of a ratchet that is prevented from going backwards by a pawl. Thermal fluctuations are able to drive the ratchet forward a notch even in the presence of a load, and the pawl rectifies them. Of course, this cannot happen when the system is at thermal equilibrium, but a chemical reaction such as ATP hydrolysis is far from equilibrium at cellular ATP, ADP and P i concentrations, so that the hydrolysis reaction could in principle be used to rectify a thermally driven motion. In more precise physical theories the ratchet denotes a spatially asymmetric energy landscape and the chemical change defines a temporal direction [6] .
How can one distinguish between power-stroke and Brownian ratchet mechanisms? kT ≈ 4 pN·nm at room temperature, stroke distances on the order of nanometers give rise to characteristic forces on the order of a piconewton (1 pN = 10 -12 N). Often it is found that a rate has a loaddependence that is not as strong as that predicted by a Brownian ratchet mechanism: the transition state is therefore intermediate in distance between the initial and final states, corresponding to a mechanism that is intermediate between the two extremes [7] .
Is one mechanism better than the other? The power-stroke mechanism has the advantage over the Brownian ratchet mechanism of speed. Because viscous and elastic forces scale differently with dimension, a high-energy transition state is reached more quickly if it is spatially close to the initial state [7] . Therefore power-stroke mechanisms are good for motor proteins that move large distances of several nanometers between binding sites on actin filaments or microtubules. DNA and RNA polymerases are at the other extreme: because they take very small steps, only 0.34 nm between bases on the double helix, they can get away with a Brownian ratchet mechanism. In the powerstroke mechanism (counterclockwise), the chemical change (red → green) drives the subsequent structural change (rotation of the lever to the right).
In the Brownian ratchet mechanism (clockwise), the structural change occurs by thermal fluctuation of the load and is followed by a chemical change which locks it into place.
What does it mean for a molecule to generate force?
A good way to think about the force generated by a molecular machine is that force is one of the products of the cyclic, fuelconsuming chemical reaction. If the chemical reaction is favorable it will go forward even against a moderate load force. But if the force is too high, then it will inhibit the reaction, just like a high concentration of a chemical product would.
Force generation or force sensation? Rather than being a force-generating enzyme, it might be better to think of a protein machine as being a force-sensitive enzyme. Indeed, suppose that the different chemical states in Figure 1A 
